Abstract-Energy efficiency and intrinsic safety are two critical challenges faced by traditional robots based on electromechanical systems. Bio-syncretic actuators may provide clues to overcome these challenges. Cardiomyocytes are potential biological motors that can be used for bio-syncretic robots. Current researches on bio-hybrid robots mainly focus on the realization of bio-actuators at micro/nano-scale, but lack of quantitative description and understanding of bio-actuation. In this paper, we present a dynamic mathematical model of single cardiomyocyte cell for its autonomous beating activity and we use it to model and explain the nonlinear group effect of multi-layer cardiomyocyte structure. Experiments validated the model and it is demonstrated that the nonlinear group effect of multi-layer cardiomyocyte structure is mainly caused by the effect of substrate. This work is a fundamental but meaningful for the development of the bio-syncretic robots.
INTRODUCTION
Energy conversion efficiency and intrinsic safety are the two critical challenges hindering the development of traditional robots based on the electro-mechanical systems. Energy is mainly consumed to actuate electro-mechanical robots to execute mechanical movements, communication, sensing, information processing, and so on. However, the energy transformations, such as conversions from biological/chemical energies to electrical/mechanical forms and from electrical energy to mechanical form, usually have a low efficiency and energy losses are unavoidable due to friction, collision, heating, and many other reasons. On the other hand, the energy that a robot, especially a mobile one, can carry is always limited and the robot needs to recharge to resume its tasks. In order to improve the energy transformation efficiency and to reduce energy losses, many strategies have been developed, such as designing low resistance system for reducing the energy loss, energy storage systems for increasing onboard electric power [1] , novel motors for increasing the power/weight ratio, advanced controllers for improving the energy utilization ratio [2] , and optimization of robot path [3] . Unfortunately, these approaches cannot solve the essential low efficiency of energy conversions for traditional electro-mechanical robotic systems and the energy conversion efficiency is usually less than 30% for robots to execute tasks [4] . As to the safety, traditional robots are made up of metal materials, wires, and other nonliving materials, which cause the robots to lack intrinsic safety, flexibility and capability of true human-robot interaction, and hence limit the application of the robots in human daily life. To improve the intrinsic safety for human-robot cooperation and reduce the dangers that the robots may hurt human, many approaches have been developed, such as increasing degree of freedom of a robot, equipping multiple sensors to sense the surroundings and adopting soft materials [5] [6] . But, these methods cannot realize the essential active safety of robots.
To solve the problems of energy efficiency and intrinsic safety faced by traditional robots, biological creatures may provide some new clues for their unique mechanisms to execute tasks. The muscles of animals consume chemical energy at much higher efficiency (≥50%) that is impossible for traditional electro-mechanical actuators [1] , and the biological entities implement their tasks with multi-degree of freedom and high-sensitivity sensing. Furthermore, biological soft materials that constitute biological creatures may provide intrinsic safety. On account of these advantages of biological system compared with traditional electro-mechanical robots, it has been an emerging trend to develop bio-syncretic robots by integrating biological materials, such as cells, with mechanical structures to overcome the challenges faced by traditional electromechanical robotic systems. The three key functions that a robot owns are sensing, intelligence, and actuation. Actuation is the essential function that drives robot to move and implement tasks. The design and structure of a robotic actuation system determine its performance, including energy efficiency and intrinsic safety level. From this point of view, many researchers have developed bio-actuators or bio-actuated robots at micro/nano-scale.
Molecular motors as nano-sized actuators, such as DNA, kinesin and myosin, have been shown to exert forces in the range between 1 pN to 45 pN [1] . Yurke et al. designed a nanotweezers consisting of three strands of DNA [7] . At microscale, micro-organisms and clusters of cells have been successfully utilized as actuators to power micro-scale devices. Micro-organisms, such as flagellated bacteria, protozoa, and algae, can naturally swim at speeds from 20 μm/s to 2 mm/s and produce thrust forces between 0.3 pN and 200 pN [1] . Individual and clustered mammalian cells, such as cardiac and skeletal cells, can produce even higher contractile forces between 80 nN and 3.5 μN [1] . Williams et al. reported a micro-scale, bio-hybrid swimmer actuated by cardiomyocytes Proceedings of the 10th IEEE International Conference on Nano/Micro Engineered and Molecular Systems (IEEE-NEMS 2015) Xi'an, China, April 7-11, 2015 978-1-4673-6695-3/15/$31.00 ©2015 IEEE enabled by a unique fabrication process and a supporting slender-body hydrodynamics model [8] . At millimeter-scale, the small tissue of animals has been applied as an integrated actuator to power a soft structure. For example, Akiyama et al. demonstrated an independently moving micro-robot with multiple foot by insect dorsal vessel (DV) tissue [9] , and the DV tissue seems well suited for micro-actuators due to its environmental robustness and low maintenance.
Although lots of amazing results about bio-actuators have been achieved recently, most of these works mainly focus on realization of bio-actuated robots and lack quantitative study on bio-actuation. For example, for muscular cell based actuation, there are few theoretical models to describe and analyze the actuation mechanism of the beating cells that constitute the biosyncretic robots at micro-scale. In this study, we present a mathematical model of beating activity for a single cardiomyocyte according to the mechanism of cellular contraction at sub-cell scale and we use this model to explain the nonlinear group effect of multiple-cell actuation. To validate the model, the beating activities of living cardiomyocytes were recorded in the experiment by measuring the beating amplitudes of cells with scanning ion conductance microscopy (SICM) and atomic force microscope (AFM). This work will lay the foundation for the development of biosyncretic robots, which will be a solution to developing new generation of robots with desired features such as energysaving, intrinsic safety and friendly human-robot interaction.
II. INTRODUCTION TO CARDIOMYOCYTES
Cells in a bio-syncretic robot are the motor that actuates the mechanical structure to move. Therefore, like those electromechanical actuators in the traditional robots, quantitatively understanding the cell-based actuation by modeling and analyzing the cell behaviors will help design and realize bioactuators with desired functions and characteristics for biosyncretic robots.
Cardiomyocytes are one of the main biological entities used for bio-actuation due to their unique properties of autorhythmicity, and synchronism as well as their potential to be cultured into macro-scale bio-actuator. In addition, cardiomyocytes have potential adaptability to dynamic changes of surrounding environment since they can not only automatically beat for actuation, but also sense environment and external stimulations. On the contrary, traditional electromechanic actuators need a series of controller, sensor and power for adapting to environmental changes. At last, adenosine triphosphate (ATP) is the direct energy for cardiomyocytes to contract and the energy transformation efficiency for cardiomyocytes is much higher than that in electro-mechanical system.
III. THE THEORETICAL MODEL OF SINGLE AND GROUP CARDIOMYOCYTES

A. The mechanical model of a single cardiomyocyte
A cardiomyocyte contains smaller units called myofibrils, which in turn are made up of a series of sarcomeres. The sarcomere contains overlapping thick and thin filaments that provide the cardiac contractility by the displacement of each other [10] . According to the principle of muscle contraction, we developed a mechanical model considering the contraction principle at a sub-cell scale, cytoskeleton with pre-stress and the influence on the beating activity by the substrate. Then, the nonlinear group effect of multiple layers of beating cardiomyocytes could be explained by using the proposed mathematical model of cardiomyocyte contraction.
Cardiomyocytes are adherent cells, so a single cardiac muscle cell contains not only contracting elements, but also uncontractable skeletal structures. There are a lot of studies on cellular cytoskeletal structures, such as tensegrity model [11] , tensed cable networks [12] , open-cell foam model [13] , spectrin-network model for erythrocytes [14] and so on. Among these models, the tensegrity model, as shown in Figure  1 (A), is very suited for the cardiomyocyte skeleton structure allowing for its shape stability [15] . By taking advantage of this model to describe the mechanical properties including Young modulus and viscidity of cardiomyocytes, the six-strut tensegrity model is transformed into a two-dimensional schematic diagram, as shown in Figure 1 (B) . According to the Newtonian liquid drop model [16] , when a cell flows into a micropipette, the liquid-like cytoplasm appears viscidity. So a damping is added into the 2D cytoskeleton to describe the resistance against deformation of a cardiomyocyte.
The unique feature of a cardiomyocyte is its autonomous beating. So the mechanical model that describes the principle of cellular contraction at a sub-cell scale will help investigate the characteristics of a cardiomyocyte based bio-actuator. The A.V. Hill model is a basic macroscopic model to mimic the relation between energetic events and intrinsic mechanical elements of skeletal muscles [17] , and there are a lot of modified Hill's type models based on the A.V. Hill model for analyzing the characteristics of living muscles, such as the energetic-viscoelastic model [18] , the bi-directional Hill-type muscle model [19] , and so on. But these works mainly focus the mechanism of a single cardiomyocyte at the sub-cell scale, and relation contraction ability between single cell and multiple cells. In this study, we present a dynamic model as below to describe the beating activity of a single living cardiomyocyte from the mechanisms of sub-cell structures. Sarcomeres of a cardiomyocyte are the activation element (AE), and the mechanical model for AE is shown in Figure 2 . The activation force (AF) of the AE is dependent on the concentration of free calcium in the cell [10] . The cardiac cells are under a passive force (or tension), which is an important factor because it determines the shortening property of cardiomyocytes [20] . And this passive tension is primarily governed by the sarcomeric protein titin, which acts as a mechanical spring [21] . So a mechanical spring in parallel with the AF is used in the dynamic model to play a role of the protein titin to resist the passive stretch by the substrate. According to the contraction principle of a sarcomere, the layers of thick filaments and thin filaments move relatively to generate shortening force, therefore a damping element is used to provide the resistance during the relative movement of filaments. The Myofibril stands for the stiffness of the whole myofibril. Combining the two mechanical models of AE and cytoskeleton structure of cardiomyocytes stated as above, the complete dynamic model of a cardiomyocyte for beating is proposed as shown in Figure 3 (A) . Because cardiomyocytes are adherent cells, so the properties of the substrate are considered in the model to account for the influence on the contraction of the cardiomyocyte. Fig. 3. (A) the mechanical model of a cardiomyocyte adhered upon the substrate: the Damping 1 provides the resistance against deformation of the whole cytoskeleton with μ1; the Microtubule carries the pre-compression F1 of the cell (+x coordinates) with stiffness coefficient k1; the Damping 0 provides the resistance during the sarcomere contracting with parameter μ0; the Titin provides the static passive tension F0 of the cell with stiffness k0; the AF is the activation force of the sarcomere denoted by FA (-x coordinates) depending on the concentration of free calcium in the cell; l is the length of the sarcomere with original value (relaxed phase) l0; L is the length of the whole cell with original value (relaxed phase) L0; the Myofibril can transmit the contraction force from sarcomere to cell, and its stiffness is k0'; the Substrate provides the pre-tension force F' for the cell, and its stiffness is k'; the Actin Network carries pre-existing tension F2 (-x coordinates), and its stiffness is k2. (B) the simplified mechanical model of a cardiomyocyte.
According to the kinetic equilibrium and constitutive equations, when the cardiomyocyte is in relaxed phase (static state), the following equation holds:
where F' denotes the pre-tension force provided by the substrate, F 0 the static passive tension by titin, F 1 the precompression of the cell carried by microtubule, and F 2 the preexisting tension by the actin network.
When the cardiomyocyte is in contracted phase (static state), the following equations hold:
where EF' denotes the expansionary forces (+x coordinates) and CF ' the contraction forces (-x coordinates), with the balance question CF ' =EF ' ; the active force F A is transmitted to the cell by the spring Myofibril, and causes the deformation of the cell. The length change l-l 0 of the sarcomere is related to the activation force F A by:
Then, the static relation between F A and L is established by combining the equations (2), (3) and (4) , written as follows:
In order to simulate the dynamic beating process of a cardiomyocyte, the complete model (Figure 3 (A) ) is further simplified, as shown in Figure 3 (B) . In the dynamic deformation state, the pre-forces is neglected. In the simplified model, the Actin Network, Microtubule and Substrate of the completed model are combined into one spring with the equivalent stiffness k 3 .
For the dynamic movement of the system, the mechanical process is described using a general differential equation. The active force F AE generated by AE is written as below:
The Damping 1 and the Combined Spring provide the balance forces for F AE , then we have:
and
Then, the dynamic relation between the activation force F A and the deformation of the cardiomyocyte L is established by combining the equations (6), (7) and (8), written as follows:
where l is the length change of the sarcomere and F A depends on the concentration of free calcium in the cell [22] .
B. The theoretical model for nonlinear group effect of multiple cardiomyocytes
The bio-syncretic robots with cardiomyocytes usually involve culturing a cluster of cardiac cells to provide enough forces, in which multiple cells are deployed not only horizontally but also vertically and the cells are organized into a multi-layer structure. In our experiments, it is found that the beating amplitude in the vertical direction is not linear with the height of cells in the relax phase and this is called the nonlinear group effect. In order to investigate the activation properties (such as actuation force, frequency and displacement), the mathematical model of multiple cells is proposed based on the mathematical model of single cell described as above.
As to multiple cardiomyocytes, it is obvious that the multiple cells appear in the form of multi-layer structure, which can be distinguished from a single cell as shown in Figure 4 , under a fluorescence microscope (Nikon Ti-U). According the structure of multiple cardiomyocytes, it is assumed that these cardiomyocytes are cascaded together irregularly, as shown in Figure 5 (A) . In the multi-layer structure, the cell 1 adheres to the substrate completely, the cell 2, cell 3 and cell 4 are laid on the other cells respectively and stay away from the substrate. The stiffness of the substrate is better than the surface of cells. Due to the effect of the substrate, the cell closer to the substrate has a better stiffness adherent surface. Therefore, the stiffness of adherent surface of cell1, cell2, cell 3, cell 4 becomes softer gradually one by one. From the proposed mathematical model (5) of a single cardiac cell, due to the effect of the substrate on the adherent surface of the cardiac cell, the closer the cell to the substrate, the larger the value of pre-tension stiffness k ' induced by the substrate. According to the equilibrium equation (5), given an activation force F A , the change of the cell length ( L ) decreases as the pre-tension stiffness k ' increases. Therefore, the multi-layer structure of multiple cardiomyocytes is modelled with a series of springs with different stiffness values k(h), which are a function of the distance of the cardiomyocytes from the substrate, as shown in Figure 5 (B) . Fig. 5. (A) the diagram of the assumed multi-layer structure of multiple cardiomyocytes; (B) the modified diagram of the multi-layer structure of multiple cardiomyocytes. The AF is the activation force of a single cardiomyocyte, and its value is FA, which is assumed to be the same for all cardiomyocytes. The Intercalated Disc is formed in the contacting area between cardiomyocytes, and its resistance for bioelectric potential is so weak that the cardiomocytes in the same stack can contract synchronously almost [23] . The cell 1, cell 2, cell 3 and cell 4 have their own stiffness values k(h), which decreases gradually along the distance of cardiomyocytes h from the substrate.
According to Hooke's law, as to one of the springs in the modified structure (Fig. 5 (B) ), given an activation force F A , the change of its length a is inversely proportional to its stiffness value k(h), written as follows:
where β is the coefficient of state influence of the cardiomyocytes. Therefore the total length change of the series of springs is defined as follows:
AF kh (11) where k(h i ) is the stiffness of the th i spring, a function of the distance of the cells at the corresponding layer away from the substrate, which decreases and approaches to a constant value gradually as the distance h increases, and n is the number of the cellular layers in the whole stack.
For the sake of simplification, the function k(h i ) is defined as below:
where h i is the distance between the cardiomyocytes at ith layer and the substrate, b the stiffness change constant and k cm the stiffness of cyto-membrane without the effect of the substrate.
Combining the equation (11) with equation (12) , the relation of A and h i is obtained and written as follows:
For simplification of simulation, it is assumed that the individual cardiomyocytes in this stack have identical static height h 0 . Then the number of layers n and the height of each layer h i in this stack can be estimated as follows:
where H is the total static height of the stack of cardiomyocytes.
Finally, combining equation (13) with equation (14), the relation between A and H is written as follows:
IV. EXPERIMENTS AND IMPLEMENTATION
Primary cardiomyocytes were extracted from 1-to 3-dayold Sprague-Dawley rats (purchased from Liaoning ChangSheng Biology Co. Ltd.). The cardiomyocytes started to beating after 48 h, and were used in the experiments after 96 h.
For the sake of experimental accuracy, the influences on the properties (contracting force, frequency and amplitude) of cells during measurements of the beating cardiomyocytes must be as small as possible. In order to do so, a SICM, designed and assembled by our lab [24] , was used to measure the beating cardiomyocytes of different cases: single cell, several cells and multiple cells with multi-layer structure, as shown in Figure 6 , by taking advantage of the non-contact mode. The static height of a stack of beating cardiomyocytes was acquired by a SICM, as shown in Figure 7 . Because the cells were beating while measuring, the measurement must be done repeatedly (10 times), and the smallest value was selected as the valid static height. h 1 is the relative height of the substrate, and h 2 is the relative height of the cardiomyocytes. The absolute static height of the multi-layer cardiomyocyte structure is defined as follows:
The beating amplitude was acquired by the SICM, as shown in Figure 8 (A) . The micro-pipe moved quickly with the beating of the cardiomyocytes on the piezoelectric movement stage. At the same time, the displacement of the SICM probe tip was recorded, as shown in Figure 8 (B) . In Figure 8 (B) , the average amplitude A of beating cardiomyocyte structure was acquired by averaging the difference values of 10 peaks and 10 valleys of the wave. (17) where N (=10) is the number of beating period, Pi the relative height of the peak i, and T i the relative height of the valley i.
With the above measurement method, the data of the beating cardiomyocytes were acquired by the SICM. According to the principle of outlier, the singular data were eliminated, and the effective data were retained, as shown in Figure 9 . According to the equations (14) and (15) , the mathematical model of group effect was fitted based on the experimental data as shown in Figure 9 . The errors between the fitting curve and the experimental data were calculated by MATLAB. The maximum error is 1119.65 nm (p=13.996%), and the mean error is 17.17 nm (p=0.215%), this result validated the mathematic model of group effect.
V. CONCLUTION AND DISSCUSION
Bio-syncretic robots are a new trend of robotics research to overcome the challenge faced by the traditional electromechanical robots. In this study, we developed a dynamic model for beating activity of a single cardiac cell and we used this model to explain the nonlinear group effect for multi-layer structure of cardiomyocytes due to the substrate effect on the cardiomyocytes. As shown in Figure 9 , it is demonstrated that the nonlinear group effect of multi-layer cardiomyocyte structure is mainly caused by the effect of substrate on the cell stiffness. The consistency also proves that the dynamic model for the single cardiomyocyte considering the cytoskeleton structure and substrate effect is reasonable, and it is feasible to analyze the nonlinear group effect of the multiple cardiomyocytes. The further study with this model will be carried to investigate the actuation of cardiomyocytes in bioactuators for bio-syncretic robots.
In a long term, the bio-syncretic robot will not be limited to micro-scale, and it is expected that the bio-syncretic robot at macro-scale will be a trend for future development of robots for a broader range of applications. Therefore, understanding quantitatively the actuation performance and dynamics of cardiomyocyte-based actuators is fundamental but meaningful for the development of bio-syncretic robots. This work will not only lay a foundation for robotic development, but also benefit medicine, drug screening, and bionics.
